(Received 26 August 2014; accepted 9 January 2015; published online 12 March 2015) Multimodal nonlinear microscopy allows imaging of highly ordered biological tissue due to spectral separation of nonlinear signals. This requires certain knowledge about the spectral distribution of the different nonlinear signals. In contrast to several publications we demonstrate a factor of 1 2 √ 2 relating the full width at half maximum of a gaussian laser pulse spectrum to the corresponding second harmonic pulse spectrum in the spatial domain by using a simple theoretical model. Experiments on monopotassium phosphate crystals (KDP-crystals) and on porcine corneal tissue support our theoretical predictions. Furthermore, no differences in spectral width were found for epi-and trans-detection of the second harmonic signal. Overall, these results may help to build an optimized multiphoton setup for spectral separation of nonlinear signals. C Multiphoton microscopy is a powerful tool for ex-and in-vivo imaging of biological tissue. [1] [2] [3] [4] [5] [6] Image formation in multiphoton systems is based on signals with a nonlinear nature like two-photon fluorescence, second-harmonic generation (SHG) or third harmonic generation (THG). [7] [8] [9] [10] One advantage of this technique is the possibility to generate different nonlinear signals inside the sample which can be spectrally seperated. 11 This leads to high contrast imaging. A spectral overlap in different detection channels results in a limited achievable contrast. To realize a proper spectral separation, the spectral distribution of each signal has to be known exactly. On the one hand, fluorescence signals have broad spectral characteristics which are not related to the spectral distribution of the exciting laser pulse. Internal molecular transitions play a dominant role in the process of fluorescence. Parametric processes (for example generation of higher harmonics), on the other hand, exhibit a spectral distribution strongly dependent on the spectral distribution of the fundamental pump beam.
SHG is a second order nonlinear parametric process often used for imaging collagen and other media with a non-centrosymmetric molecular structure. [11] [12] [13] Previous publications in the field of biophysics reported the relationship between the spectral bandwidth of the second harmonic and the pump pulse. [14] [15] [16] Campagnola reported a narrowing factor of 1/ √ 2 = 0.707 of the second harmonic frequency bandwidth compared to the fundamental pump pulse.
14 This is equal to a scaling factor of 1/(4 √ 2) = 0.177 in terms of wavelength bandwidth. In contrast, Zipfel et al. 15 and Mohler et al. of wavelength. In contrast to these previous publications, we show a narrowing factor of 1 2 √ 2 between the spectral bandwidth of the fundamental laser pulse and the second harmonic pulse in the spatial domain. A simple analytical calculation for gaussian laser pulses yields this factor. Experiments on monopotassium phosphate crystals (KDP-crystals) and porcine cornea (biological tissue) support the result of this calculation.
The intensity distribution of a gaussian shaped pulse can be written as shown in Eq. (1):
I 0 stands for the peak intensity, t for the time and ∆τ fund for the full width at half maximum (FWHM) in the time domain of the gaussian fundamental laser pulse. Since the n-th harmonic signal intensity is proportional to I n fund the condition for calculating the FWHM of the n-th harmonic signal pulse is given by Eq. (2):
Solving Eq. 2 for t results in Eq. (3):
Based on the resulting t in Eq. (3), the FWHM ∆t n for the n-th harmonic signal pulse in the time domain can be expressed by Eq. (4):
The pulse duration of a laser pulse is directly connected to its spectral distribution via the timebandwidth product ∆τ∆ν ≥ C.
17 ∆ν stands for the FWHM in the frequency domain and C is a constant depending on the pulse shape. For gaussian pulses commonly used for multiphoton microscopy C = 0.4413. 17 Assuming a constant time-bandwidth product for laser pulses and generated higher harmonic pulses leads to Eq. (5):
Using Eq. (4) in Eq. (5) leads to an expression connecting the FWHM of the n-th harmonic signal pulse (∆ν n ) with the FWHM of the fundamental laser pulse (∆ν fund ) in the frequency domain:
The link between the frequency domain and the spatial domain is given in general by ∆ν = c λ 2 central ∆λ.
Thus, Eq. (6) can be expressed in the spatial domain:
Using the fact that nλ n = λ fund finally leads to an expression relating ∆λ n and ∆λ fund :
In the special case of second harmonic generation (n = 2) a narrowing factor of 1 2 √ 2 = 0.354 can be found.
In our setup a Chameleon Ultra II laser system (Coherent Inc.) with a pulse duration of nearly 170 fs at 798 nm central pulse wavelength (gaussian shape, measured at laser output) was used. Due to dispersion induced by several optics in the beam path, temporal broadening takes place. Thus, pulses with nearly 250 fs temporal width were measured in the sample plane. From Eq. (4), the temporal width of a second harmonic pulse generated by the Chameleon Ultra II should then be 250 √ 2 fs = 176.8 fs.
Assuming a FWHM of 5.5 nm at 798 nm central wavelength the FWHM of the second harmonic pulse generated at 399 nm central wavelength should therefore be 5.5 2 √ 2 nm = 1.94 nm. To measure the spectral bandwidth of the second harmonic in epi-and trans-direction, two photomultipliers of our multiphoton microscope MPM200 (Thorlabs) were replaced with fibers and collection optics in order to guide the second harmonic signal to a HR4000 spectrometer (Ocean Optics). This setup allowed spectral detection in both epi-and trans-direction (Fig. 1) .
In the first experiment the second harmonic signal was generated on 5 KDP crystals without known geometry. Phase matching was achieved by high-NA focussing (Objective lens: XLPL25XWMP (Olympus), NA = 1.05). During the spectral measurements, the scanning mirrors of the multiphoton microscope were fixed at their zero position. As expected, a narrowing of the spectral bandwidth of the fundamental laser pulses with a central wavelength at 798 nm in comparison with the second harmonic pulse spectra with a central wavelength at 399 nm can be observed for both mentioned detection modes (Fig. 2) . The averaged FWHM for 5 measurements in forward direction is 2.3 ± 0.1 nm and in backward direction 2.2 ± 0.1 nm. This results in narrowing factors of 0.42 ± 0.03 for the forward direction and of 0.40 ± 0.03 for the backward direction.
In the second experiment, spectral measurements of the second harmonic generated in porcine corneas were performed. The stromal region of the cornea mostly consists of collagen fibers giving a strong second harmonic signal. Measurements were performed on native porcine corneas and crosslinked corneas while spectral detection was realized only in epi-direction. Crosslinking is a parasurgical treatment for keratoconus. 18 The crosslinking involves a one-time application of riboflavin solution to the eye that is activated by illumination with UV-A light. 18 The riboflavin causes additional chemical bonds to form across adjacent collagen strands in the stromal layer of the cornea, which recovers and preserves some of the cornea's mechanical strength. In each type of cornea, 7 different positions were used for the measurements. Similar to the experiments on KDP a strong narrowing of the FWHM can be observed when comparing the laser pulse with the second harmonic spectrum (Fig. 3) . For 7 measurements the average FWHM is 2.2 ± 0.1 nm for non-crosslinked and crosslinked cornea. This results in a narrowing factor of 0.40 ± 0.03 for both types of cornea.
Depending on the domain (time domain, frequency domain and spatial domain), our theoretical calculation gives different factors relating the FWHM of a fundamental gaussian laser pulse to the n-th harmonic signal. This is summed up in Table I . The result for the spatial domain is of special interest. It differs from previous reports in the field of biophysics where for the second harmonic signal (n = 2), a narrowing of the spectral bandwidth with a factor of 1/(4 √ 2) or 1/ √ 2 was reported.
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The second harmonic spectrum measured on KDP shows a distinct narrowing in comparison with the spectrum of the laser pump beam (narrowing factors: 0.42 ± 0.03 (forward) and 0.40 ± 0.03 (backward)). Within the measurement accuracy of ±0.1 nm, no significant difference between the measured FWHM for forward and backward direction could be found.
Although our results are based on measurements with a high-NA objective lens (NA = 1.05, water immersion) they are in good agreement with experimental data published in several previous FIG. 3 . Exemplary result of spectral measurements in epi-direction: (a) Narrowing of the spectral width of the generated second harmonic signal from cornea in comparison to the laser pulse spectrum. Central pulse wavelengths: 798 nm (laser pulse) and 399 nm (SHG). (b) Second harmonic image of the cornea when recording a scanned image after the spectral measurement. The arrows show the central image position where the second harmonic signal was generated for the spectral measurements. Scale bar: 50 µm. 
publications in the field of crystal optics. 19, 20 Nevertheless, a spectral comparison of forward and backward detected second harmonic signals has not been done so far in the field of crystal optics. This comparison is of special interest for biomedical microscopy applications since in vivo imaging requires backward detection of nonlinear signals.
In several publications, the influence of the phase matching condition on the higher harmonic spectrum is discussed. 20, 21 It is reported that different phase matching conditions can alter the shape of the spectrum. 20, 21 Especially in the field of second harmonic microscopy, the appearance of backward generated second harmonic signals is predicted and the difference between phase matching conditions for forward and backward generated second harmonics is discussed by LaComb et al. 22 Considering the work of Zhang et al. 20 and Farrell et al., 21 our experimental results imply nearly the same phase matching conditions for forward and backward generated second harmonic signals.
Since phase matching conditions in multiphoton microcopy are relaxed (high NA-focussing), no special attention was paid to phase matching in the theoretical calculation reported in this work.
Similar to KDP crystal samples, the results on porcine cornea (organic material) show a narrowing of the second harmonic signals in comparison to the fundamental laser pulse spectrum (narrowing factor: 0.4 ± 0.03 (non-crosslinked and crosslinked)). No significant difference between the FWHM of the spectral second harmonic signal in crosslinked and non-crosslinked corneas could be found for epi-detection. Thus, collagen crosslinking preserves the non-centrosymmetric molecular structure of collagen and has no effect on second harmonic generation.
The behavior of harmonics with n ≥ 3 has not been investigated since the signal strength is much weaker than in second harmonic generation. Moreover, the third harmonic signal only arises from interfaces inside biological tissues. 11 As a consequence, these signals are restricted to very small areas making it difficult to address the laser focus to such a position.
From the theoretical point of view the narrowing factor for the second harmonic should be 1 2 √ 2 = 0.354 in all measurements. In the calculation, a constant time-bandwidth product of the fundamental and the second harmonic pulse was assumed. This implies, that the pulse characteristics do not change during the process of second harmonic generation. However, slight changes in the timebandwidth product may have resulted in small deviations between the theoretical predictions and the experimental data (difference between calculated and measured narrowing factors is approximately 0.05).
To sum up, the calculated narrowing factor for the second harmonic wavelength bandwidth is supported by experimental data from non-organic and organic materials. The comparable results of spectral measurements in epi-and trans-direction allow further insight into the phase matching conditions during signal generation. Altogether, these results may help to optimize the spectral separation of signals in multiphoton microscopes.
